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Di-8-ANEPPSThe membrane dipole potential (ψd) is an important biophysical determinant of membrane function and a sensi-
tive indicator of lipid organisation. In this study we have used the environmentally sensitive probe di-8-anepps to
explore the effects of oxidative stress on themembrane dipole potential of human erythrocytes. Cells suspended in
0.15 mMphosphate buffered saline containing 0.1 mg/ml albumin maintained a mean value for ψd of 270 (±20)
mV over the course of 1 hour. In the presence of 0.4 mMcumene hydroperoxide there was an increase in ψd of 14
(±7)%, accompanied by a decrease in cell diameter of ~14 (±2)%. Exposure of the cells to 0.4 mM hydrogen per-
oxide caused ψd to decrease by 13 (±8)% at the centre of the cell and 8 (±5)% at the edge whilst the diameter
remained constant. In both cases the changes were equivalent to a change in transmembrane electric ﬁeld of a
magnitude of ~10 MVm−1, sufﬁcient to inﬂuence membrane function. Raman microspectrometry supported
the conclusion that cumene exerts its effect primarily on membrane lipids whilst hydrogen peroxide causes the
formation of spectrin–haemoglobin complexes which stiffen the membrane.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Oxidative stress occurs when the level of reactive oxidative species
(ROS) in a cell overwhelms the cell's antioxidant defence system. It is
a signiﬁcant cause of cell damage and is associated with diseases such
as atherosclerosis and diabetes mellitus [1,2]. The red blood cell is par-
ticularly susceptible to oxidative stress due to the high content of poly-
unsaturated fatty acids in the membrane and the auto-oxidation of
haemoglobin within the cell [3]. Previous studies have explored how
this oxidative stress results in changes to the deformability, mechanical
stability [4] and elastic properties [5] of the red blood cell membrane. In
vitro studies simulating the effect of oxidative stress by exposing eryth-
rocytes to hydrogen peroxide have shown that the hydrogen peroxide
permeates the membrane and induces the formation of cross-linked
haemoglobin–spectrin complexes resulting in a stiffening of the mem-
brane [4]. It has also been shown that haemoglobin participates directly
in the generation of hydroxyl radicals through the direct reaction of hy-
drogen peroxide with Fe(II)-heme [6]. Other studies, using cumene hy-
droperoxide as a source of ROS suggest that this molecule localises into
the hydrophobic part of the lipid bilayer, causing peroxidation of the
membrane lipids to a much greater extent than hydrogen peroxide
[7]. These oxidising agents produce a signiﬁcant increase in membrane
stiffness as measured by techniques such as ektacytometry [8,9] and
thermal ﬂuctuation spectroscopy [5].
A question that has been largely neglected in terms of changes in
cells induced by oxidative stress is the effect on the electrical properties+44 1392 264111.
.
l rights reserved.of the membrane, which are important in many biophysical processes.
The electrical potential of the membrane itself can be broadly divided
into three different contributions [10,11]. The two most widely studied
are the surface potential (ψs), arising from the incomplete quenching of
the net excess electric charge found on the membrane surface and the
transmembrane potential (ψt) arising due to a gradient in ion distribu-
tion across the lipid bilayer. The third component is the membrane
dipole potential (ψd) which arises due to the electrical dipoles associated
with the membrane lipids and the hydration water around the lipid
head groups. The lipid and water molecule orientation causes the hy-
drophobic interior of the membrane to be positive with respect to the
exterior resulting in the generation of an electrical potential of a few
hundredmV. The membrane dipole potential has been linked with var-
ious biological processes including the regulation of ionic transport
across themembrane [12–14]: a change in themembrane dipole poten-
tial of a lipid bilayer by ~100 mV can dramatically change the activity of
ion channels within the membrane [15].
For a constant dielectric permittivity ψd is directly proportional to the
lipid packing density, which is dependent on properties such as the na-
ture of the lipid headgroup and saturation of the aliphatic tail [16,17].
Through physical deformation, reorganisation or chemical modiﬁcation
of the lipid structure and incorporation of membrane-soluble compo-
nents the magnitude of ψd can be modiﬁed independent of changes in
the ionic composition of the medium in which the cells are suspended.
Successfulmeasurements ofψd have previously beenperformed through
the use of environmentally sensitive dyes which insert into the mem-
brane, such as di-8-ANEPPS [18]. The ﬂuorescence spectrum of this dye
is modiﬁed by the electrical environment of the surrounding lipid mole-
cules and through the use of ratiometric ﬂuorescence imaging a detailed
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performed [10,19,20].
This study focuses on theuse of di-8-ANEPPS to examine the inﬂuence
of oxidative stress on the membrane dipole potential of erythrocytes
which serve as a model system for changes that are likely to occur in
most cell types. Hydrogen peroxide is used to explore effects mediated
by haemoglobin and the cytoskeletal spectrin, and cumene hydroperox-
ide to investigate changes associated with the lipid bilayer itself. Raman
microspectroscopy is also used to examine the chemical changes occur-
ring in cells exposed to the two oxidants.
2. Methods and materials
2.1. Erythrocyte preparation
Identical samples were prepared by drawing 3×5 μl of fresh blood by
a ﬁnger-stick puncture from a healthy volunteer. Each sample was
suspended in 1 ml of a buffer solution composed of 0.15 M Dulbecco A
phosphate buffered saline and 0.1 mg/ml of albumin from bovine
serum. 5 μl of a 1 mg/ml solution of di-8-ANEPPS in ethanol was added
to each sample and they were then incubated in the dark at 37 °C for
2 hours. Each sample was centrifuged at 3000 rpm for 3 minutes and
the supernatant containing excess di-8-ANEPPS was removed and the
cells were washed a further 3 times in buffer solution. The ﬁrst sample
studiedwas a designated control sample and in the ﬁnal wash the super-
natant was replaced by an equal volume of dye-free buffer and for the
second and third samples, an equal volume of buffer containing 0.4 mM
hydrogen peroxide and 0.4 mM cumene hydroperoxide respectively. In
each case, immediately after re-suspending the cells in the chosen solu-
tion a 20 μl sample was transferred to a cleanmicroscope slide based im-
aging chamber and imaged using ﬂuorescence microscopy (see below).
2.2. Red blood cell ghosts preparation
40 ml of whole blood from a healthy donor was centrifuged at 5000g
for 10 minutes and thebloodplasmaandwhite cellswere removedbypi-
pette. The packed cells were distributed amongst 20 ml centrifuge tubes
(4 ml in each) and dilutedwith PBS buffer to produce an approximate di-
lution ratio of 10:1. The cells were then washed 3 times in PBS (0.15 M
NaCl, 20 mM Sodium Phosphate, pH 7.5) and a few drops of PMSF in
methanol (1 mg/ml) was added to each tube, as a protease inhibitor.
The clean packed cells were lysed by repeated washing with a pH 8.0,
5 mM phosphate lysis buffer with the haemoglobin-containing superna-
tant removed each timeuntil the ghosts appearedpale pink in colour. Due
to the lowdensity of the RBC ghosts, theﬁnal stages required centrifuging
at 48,000g for 20–30 minutes for the membranes to pack down.
2.3. Ratiometric ﬂuorescence imaging
Glass imaging chambers were constructed using two layers of
Paraﬁlm (Pechiney Plastic Packaging, USA) to separate a microscope
slide and a coverslip and annealing on a hotplate to create a chamber
to contain the erythrocyte sample. The coverslip formed the lower
plate of the chamber and the concentration of erythrocytes used allowed
the imaging of isolated cells settling upon it. The imagingwas performed
using an Olympus IX50 inverted microscope with a 63× oil immersion
lens. Excitation light of wavelengths 420 nm and 520 nmwas provided
by a Till Photonics Polychrome Vmonochromator in conjunction with a
650 nm emission ﬁlter (these wavelengths were selected to minimise
dye sensitivity to ﬂuidity effects in the cell membrane [21]). The images
were recorded sequentially using a low-light CCD camera (AVT Stingray
F-145B) with an exposure time of 500 ms for each wavelength with a
delay of ~50 ms between the two exposures. For each image a back-
ground intensity image was subtracted from the data, and the result
was stored as a matrix of absolute intensity values. The 420 nm excita-
tion imagewas then divided by the 520 nm excitation image to produceamatrix of the ratiometric intensity, R= I420/I520. Theminimal delay be-
tween the collection of data at the two excitation wavelengths meant
that cell movement between the two exposures was negligible. Images
of the same region, containing several cells, were then collected in
5 minute intervals over the course of 1 hour.
2.4. Absorption imaging
Whilst mounted on the microscope stage, the transmitted intensity
of 415 nm light through the sample under brightﬁeld illumination was
recorded using the same camera and objective as described above. Due
to the high absorption of 415 nm light byhaemoglobin, themorphology
of individual erythrocytes could be determined from the variation in
transmission across the sample [22].
2.5. Raman microspectroscopy
Raman spectrawere obtained from red blood cell ghost preparations
to examine the chemical changes resulting from exposure to the
oxidising agents. For oxidation measurements a 5 μl pellet of open red
blood cell ghostswas suspended in either 1 ml of 0.6 mMhydrogen per-
oxide or 0.6 mM cumene hydroperoxide and for control measurements
1 ml of deionised water was used. The samples were gently shaken and
left for 60 minutes at room temperature and then centrifuged at
18,000 rpm for 20 minutes and the supernatant removed. The pellet
was transferred to a glass slide and covered by a droplet of water to
maintain hydration during the Raman data collection.
Raman shift data was collected from each sample in the range
500 cm−1 to 3500 cm−1 using a Renishaw Raman Systems 1000 spec-
trometer (Renishaw, Wooton-Under-Edge, UK) equipped with a laser
emitting at 532 nm and a 50× objective. WiRE™ software was used to
process the spectra from each sample by removing a cubic-spline base-
line, applying a second derivative analysis and then ﬁtting multiple
peaks to the regions of interest.
3. Results
3.1. Erythrocyte ratiometric imaging
Fig. 1 shows two typical ﬂuorescence intensity images (collected at
an emissionwavelength of 650 nm) of a sample of di-8-ANEPPS labelled
erythrocytes in the buffer solution with 420 nm (Fig. 1A) and 520 nm
(Fig. 1B) excitation wavelengths. (The two images are plotted using
the same intensity scale). The removal of the excess di-8-ANEPPS dye
and its insensitivity to the neutral buffer solution means that the back-
ground ﬂuorescence is negligible in these images. Fig. 1C shows the re-
sult of dividing the 420 nm excitation image by the 520 nm one to
produce a ratiometric ﬂuorescence intensity image. The brighter regions
indicate the higher intensity ratios which correspond to higher mem-
brane potential values.
The measured ratiometric intensities can be converted into approx-
imate values for the membrane dipole potential (in mV) using the cali-
bration equation presented by Starke-Peterkovic [23]. The membrane
dipole potential ψd can be calculated from the ratiometric intensity R
by using the relationship
ψd ¼
Rþ a
b
ð1Þ
where a=0.3 (±0.4) and b=4.3 (±1.2) ×10−3 mV−1. These con-
stants have large errors associated with them due to the calibration
data being collated from several different sources and the difﬁculties as-
sociated with obtaining absolute values for ψd. However, the present
study is concerned with the relative changes in ψd across the erythro-
cyte and under oxidative stress. To prevent the magnitude of the errors
arising from the measurement process itself being dominated by the
Fig. 1. Compilation of ﬂuorescence intensity images of di-8-ANEPPS labelled erythrocytes in buffer solution using (A) λex=420 nm and λem=650 nm and (B) λex=520 nm and
λem=650 nm. (C) Ratiometric intensity image of the same cells. (D) λ=415 nm absorption image of the same cells with speciﬁc cell morphologies highlighted.
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R have been included in error calculations unless otherwise stated.
3.1.1. Inﬂuence of cell morphology on the dipole potential
The measurements performed on healthy cells in buffer were pri-
marily intended as a control towhich the results of the oxidation studies
could be compared. However this is theﬁrstmicroscopic investigation of
membrane dipole potentials of individual RBCs of which we are aware
and the control cells appear to showadistribution ofψd across themem-
brane that warranted examination.
Different cellmorphologies can be reliably distinguished by examin-
ing the haemoglobin distribution across the cell by measuring the ab-
sorption of 415 nm light transmitted through the sample (Fig. 1D).
The ratiometric images presented in Fig. 1C show cells with noticeably
different ψd distributions which correspond to varying cell morphol-
ogies. A further comparison between a discocyte and a stomatocyte is
presented in Fig. 2, which also shows that ψd varies across the diameter
of each cell.
For the discocyte, the ﬂuorescence ratio (Fig. 2A) shows increased
values in the middle of the cell and the cell periphery, suggesting that
high ψd values correspond to regions of higher membrane curvature.
A similar correlation is observed for stomatocytic cells (Fig. 2B), with
high intensity double-ring structures seen in the ratiometric ﬂuores-
cence images. However, absorption of light by the haemoglobinmay in-
ﬂuence the radial dependencies of ψd across the cell.
To investigate the dependence of ψd on membrane curvature with-
out interference of haemoglobin, we recorded ratiometric images of
lysed red cells (ghosts) of differentmorphologies. Fig. 3 shows the result.
Although the absolute values of the ﬂuorescence ratio are slightly
higher, one ﬁnds a similar qualitative radial dependences as observed
for intact cells. For both discocyte cells and ghosts, the maximum valuesof ψd are recorded along the cell periphery (with the ghost radial depen-
dence somewhat weaker than that for an intact cell). For stomatocytic
ghosts, the double-ring structure is clearly observable and similar to
that found in stomatocytic intact cells.
3.1.2. Variation of cell membrane properties with incubation time
Ratiometric images of erythrocytes after different times of incuba-
tion with oxidants are shown in Fig. 4. The slight differences in the ini-
tial sizes of the cells are due to natural variations in the erythrocyte size.
For each of the oxidant solutions the ratiometric measurements for a
single cell is shown at the start of themeasurement process (5 minutes
after the cells are initially added to the incubation solution) and then at
15, 30, 45 and 60 minutes after the start of the incubation. The use of a
total incubation time of 1 hourwas based on previous studieswhich in-
dicated that the effect of oxidative stress on the elastic properties of the
red blood cell is well established after this period of time [5].
3.1.2.1. Cell diameter variation. Fig. 5A shows the variation in average
cell diameter with respect to time for the three media. For each
data-set the diameters of 10 cells (selected at random) were mea-
sured using image processing software (ImageJ [24]) after each mea-
surement. For each cell, the ratio of the diameter d at time t to the
initial diameter measured at t=5 minutes was calculated and the
mean value for that time-step was calculated.
For the control sample of erythrocytes incubated in the buffer solution
there was a small and statistically insigniﬁcant decrease in the mean cell
diameter over the course of the 1 hour study from 8.4 (±0.6) μm to 8.0
(±0.6) μm. The erythrocytes incubated in 0.4 μM hydrogen peroxide
also showed no signiﬁcant change in cell diameter with a mean value
of 8.8 (±0.6) μm. In both cases the biconcave disc morphology was
maintained throughout the study. In contrast, the cells incubated in
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Fig. 2. Ratiometric intensity images (ﬁrst column), 415 nm absorption images (second column) and the radial distribution of the ﬂuorescence ratio (solid lines) and optical density
(dashed lines) (third column) for a discocyte (A) and a stomatocyte (B). The inserts indicate the approximate morphology of each cell for illustrative purposes only.
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ter froman initial value of 8.3 (±0.6) μmto7.0 (±0.6) μm(i.e. a decrease
of 14%) accompanied by the cells losing their biconcave shape. Absorp-
tion images collected at λ= 415 nm during the cumene hydroperoxide
treatment (data not shown) show that the decrease in cell diameter is ac-
companied by an increase in the optical density of the shrunken cell as
well as a transition to a hemispherical cap shape. A quantitative analysis
of these images show that the total absorption of 415 nm light by the cell
remains constant during the process indicating that the haemoglobin is
retained within the cell, suggesting that the membrane remained intact.
3.1.2.2. Membrane dipole potential variation. The averagemembrane di-
pole potential for two separate regions of the erythrocyte membrane,
calculated from the ratiometric intensity using Eq. (1), are shown in
Fig. 5. The values for the zones around the outer cell periphery
(Fig. 5B) and at the centre of the cell (Fig. 5C) were calculated by
averaging the ratiometric intensity in the regions highlighted in the in-
sets in Fig. 5. For each data-set the same 10 cells selected for the cell di-
ameter calculation were measured and the standard deviation of the
ratiometric intensities for each region were used as the error in R.
Table 1 shows the change in the value of ψd measured for the two
regions of interest for the three media studied in the course of 1 hour
of incubation. In the control cells ψd in each of these regions remains
constant (within the bounds of experimental error). This potential
provides a baseline against which the results of the oxidative stress
studies can be compared.
The hydrogen peroxide treated cells show a small, but not signiﬁ-
cant, decrease in ψd in both the central and perimeter regions of thecell. Conversely, cumene hydroperoxide produced a large and rapid in-
crease in ψd in both regions.3.1.3. Raman microspectroscopy
The Raman spectra collected from the untreated, hydrogen perox-
ide treated and cumene hydroperoxide treated red blood cell ghosts
(used to avoid contributions from haemoglobin) were analysed in re-
gions sensitive to the Amide I band (1500 cm−1 to 1700 cm−1) [25]
and aliphatic chains of the membrane lipids and proteins (2825 cm−1
to 2960 cm−1) [25]. For each sample the data were normalised to the
intensity of the phenylanaline peak at 1002 cm−1 to allow a direct
comparison to be made.
Gaussian deconvolution was used to ﬁt a number of peaks at
wavenumbers attributed to α-helix, β-turns and unordered protein in
the amide I band region for each sample [26] (Fig. 6A).The secondary
structure of the membrane protein, calculated from peak areas is
shown in Table 2. This primary component is unordered (57%), 35%
35% α-helix, and the remaining 8% β-turns. On treatment with 0.6 mM
hydrogen peroxide the amount of β-structure doubles to 16% with the
amount ofα-helix and unordered both decreasing. In comparison, treat-
mentwith 0.6 mMcumenehydroperoxide leaves the amount ofα-helix
unchanged with a 4% drop in the amount of unordered being compen-
sated by an increase in β-turns.
Second derivative analysis of the CH region revealed seven peaks
at the locations indicated which are associated with the CH2 and
CH3 symmetric and antisymmetric stretching in the membrane lipids
and proteins (Fig. 6B).
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Fig. 3. Ratiometric intensity images (ﬁrst column) and radial distributions of the ﬂuorescence ratio (second column) for a discotic ghost (A) and a stomatocytic ghost (B).
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4.1. Variations in the membrane dipole potential in the erythrocyte
The previously unreported variations in the membrane dipole poten-
tial over the red cell raises questions about the effects of membrane cur-
vature on lipid organisation. In thediscocyte ghost,where artefacts due to
haemoglobin are avoided, higher values of ψd correspond well with theFig. 4. Ratiometric ﬂuorescence intensity images of di-8-ANEPPS labelled RBCs during incub
droperoxide. All images are plotted on the same intensity scale.regions of high curvature (i.e. the external circumference of the ghost)
and this may be due to the ﬂexoelectric effect observed in many liquid
crystalline systems [27–31], i.e. the contribution to the measured poten-
tial due to the distortion of the polar lipid molecules in a curved lipid bi-
layer and the associated oriented water at the lipid/water interface. Such
effects arise due to the asymmetrically shapedpolar lipidmolecules being
constrained to a 3D curved surface, producing amacroscopic polarisation.
The resulting (curvature-induced with respect to a ﬂat membrane)ation in buffer solution, 0.4 mM hydrogen peroxide solution and 0.4 mM cumene hy-
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Fig. 5. (A) Normalisedmean cell diameter as a function of time over the course of the ox-
idative stress studies; Variation of membrane potential with time for (B) the outer edge of
the membrane and (C) the central region when exposed to the media shown. The inset
highlights the regions measured.
Table 1
Summary of the measured change in membrane potential, Δψd, for each region of in-
terest after 60 minutes incubation in the media shown.
Media Central region (mV) Outer region (mV)
Buffer −9 (±20) −7 (±13)
Cumene hydroperoxide +37 (±19) +38 (±10)
Hydrogen peroxide −33 (±22) −23 (±14)
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Fig. 6. Comparison of Raman spectra collected fromhydrated samples of healthy RBC ghosts
and those treatedwith either 0.6 mMhydrogenperoxide or0.6 mMcumenehydroperoxide
in the region dominated by (A) amide I band and (B) lipid and protein CH stretching.
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is the ﬂexoelectric constant which is related to the normal component
of the lipid dipole moment and the lipid head group area and variesfrom 10−20 to 10–18 C depending on the lipid species studied [28]. ε0 is
the permittivity of free space and 2H=(c1+c2) is the mean curvature
(with c1 and c2 the two orthogonal principal curvatures for the surface).
The ﬂexoelectric equation predicts a linear relationship between
ΔU and the mean curvature 2H of the biconcave shape. Although we
do not know the exact shape of every erythrocyte measured, an ap-
proximate evaluation of the mean curvature can be made on the
basis of the mean red cell shape (in cylindrical coordinates z=z(r))
represented by the equation [32]:
z rð Þ ¼ R
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1− r
R
 2r
c0 þ c1
r
R
 2 þ c2 rR
 4 1=2 ð2Þ
Table 2
Relative composition of the RBC ghost membrane proteins calculated from the Gaussian
deconvolution of Raman spectra collected in the Amide I band region.
Protein
conformation
Incubation media
Buffer 0.6 mM hydrogen
peroxide
0.6 mM cumene
hydroperoxide
Unordered 57% 52% 53%
α-helix 35% 32% 35%
β-turn 8% 16% 12%
Fig. 7. (A) Radial dependence of themean discocyte shape (dashed line, right axis), mean
surface curvature 2H (solid line, right axis) and dipole potential (solid circles, left axis).
(B) Dependence of the change of measured potential (with respect to the zero curva-
ture point) as a function of the mean curvature as calculated using Eqs. (2) and (3).
The straight line is a least-square ﬁt of the linear part of the dependence.
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0.01306932. The mean curvature 2H for such an axi-symmetric
shape is
2H ¼ zrr
1þ z2r
 3=2 þ zrr 1þ z2r 1=2 ð3Þ
where zr and zrr are the ﬁrst and the second derivatives of z, respective-
ly. Eqs. (2) and (3)make possible a semi-quantitative analysis of the di-
pole potential curvature dependence for the discotic ghost shown in
Fig. 3A. The shape according to Eq. (2) and the calculated mean curva-
ture using Eq. (3) are shown in Fig. 7A. The ﬁgure also shows the radial
dependence ofψd, as calculated from the values of theﬂuorescence ratio
for the same ghost.
The mean curvature is approximately 1 μm−1 at the centre of the
cell and about −1 μm−1 at the outer radius, r=R. The radial depen-
dence of themean curvature can now be compared to the radial depen-
dence of the measured potential (cf. Fig. 3A), after appropriate
calculation of ΔU with respect to the value at zero curvature. Fig. 7B
shows the relationship between the potential difference ΔU and the
ghost mean curvature. The values of ΔU towards the middle of the
ghost (positive values of 2H) are too scattered to allow drawing of any
meaningful conclusions although it appears that ΔU has a minimum
close to the zero curvature point. However,moving towards the periph-
ery of the ghost shape (for negative values of 2H), one observes a clear
linear dependence between ΔU and 2H (see the straight line in Fig. 7B),
supporting the hypothesis that this effect has a ﬂexoelectric origin. The
evaluation of the ﬂexoelectric constant from the gradient of this linear
dependence gives a value of the ﬂexoelectric constant f of 1.0×10−19
C, within the expected range for lipid bilayers [28].
At very high negative curvatures, close to the ghost periphery, the
potential shows a rapid increase. The rapid increase of the potential
along the rim of the ghost is probably related to the splay the lipid mol-
ecules experience in regions of high negative curvatures, leading to al-
terations in the lipid head group orientation. The results shown in
Fig. 7B would be compatible with the possibility that around the rim of
the cell the lipid head groups lie more parallel to the plane of the mem-
brane, which would lead to increases in ψd because of the decreased
compensation, on the part of the lipid head groups, of the contribution
of oriented water molecules. This is a similar effect to that observed in
molecular dynamics simulations when cholesterol is added to lipid bi-
layers which also has the effect of altering head-group orientation [33].
A second possibility is that there may be curvature-dependent varia-
tions in lipid composition in the erythrocyte membrane. Such a phe-
nomenon has been discussed in the context of artiﬁcial lipid bilayers
[34]; in red cells it is also likely to lead to associated variation in the dis-
tribution of protein membrane components. Finally, it is not clear how,
or if, the hydration water contribution to ψd will be changed in regions
of high curvature even if the lipid composition is not signiﬁcantly differ-
ent; this may also contribute to the increases in ψd. Computational tools
such as molecular dynamics simulations may be able to clarify any cur-
vature dependence of ψd, but this is beyond the scope of the present
work. Here we would like to emphasise the correlation which should
be taken into account in future studies on the membrane dipole poten-
tial. Such a correlation may also be physiologically relevant in cases ofe.g. large deformations imposed on a red blood cell when conﬁned in
narrow capillaries. The resulting variations in membrane dipole poten-
tial are likely to be signiﬁcant and of amagnitude thatmay affect protein
function within the membrane.
4.2. Responses to oxidative stress
4.2.1. Hydrogen peroxide
The study shows that exposure to hydrogen peroxide does not sig-
niﬁcantly affect the size or shape of discocytes whilst ψd measured at
the central and edge regions of the cell steadily decreases over the
course of the study. The lack of change in cell shape during the oxidation
process is in agreement with previous studies on the effect of hydrogen
peroxide on the thermal ﬂuctuation spectrum of the membrane [5].
These studies have shown that hydrogen peroxide causes a stiffening
of the membrane and reduction in elasticity but these mechanical
changes are believed to arise mainly from oxidation-driven formation
of haemoglobin–spectrin complexes [35] with only a limited effect on
the membrane lipid bilayer itself. The imposed rigidity of the cytoskel-
eton means that any reduction in cross-sectional area of themembrane
lipids that arises due to the partial lipid oxidation is not accommodated
by a general reduction in cell diameter resulting in an effective decrease
in packing density and therefore an increase in ψd. Such changes are
consistent with the alterations in protein secondary structure revealed
by Raman spectroscopy.
The amide I band reﬂects contributions from spectrin and mem-
brane proteins with equal contributions from spectrin and membrane
proteins with regards to the number of peptide bonds. Spectrin is
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in the transmembrane domains of proteins such as glycophorin. Whilst
the loss of helical structure could occur in either component the
partitioning of peroxide between cytoplasm and membrane lipids fa-
vours spectrin as the principal site of action. Analysis of the CH
stretching region provided additional insight. Most pertinent to the
present study is the observation by Mikkelsen and co-workers that
the ratio of peak intensity at 2930 cm−1 and 2850 cm−1 is inﬂuenced
by the polar nature of the membrane. The peak at~2930 cm−1 repre-
sents symmetric stretching of protein CH3 and an increase in intensity
at this peak indicates that the protein CH3 groups are in amore polar en-
vironment. In contrast, the intensity at 2850 cm−1, due to symmetric
CH2 stretching is stable to changes in the membrane environment and
so the ratio I2930/I2850 allows changes in the membrane polarity to be
monitored. The peak area at 2850 cm−1 was calculated from the sum
of the component peak areas at 2843 cm−1 and 2864 cm−1 and the
area at 2930 cm−1 from 2928 cm−1 and 2952 cm−1. The ratio for
untreated ghosts is 0.82 and for hydrogen peroxide treated ghosts,
0.95which indicates that the oxidation process has produced a small in-
crease inmembrane polarity. The small increase in polarity of themem-
brane initially appears to be in disagreement with the decrease in ψd
measured using the ratiometric technique. However, the Raman study
presented here uses haemoglobin-free unsealed ghosts and is likely to
produce a different physiological change to that observed in whole
RBCs. In particular, the absence of haemoglobin prevents the formation
of the haemoglobin–spectrin complexes which cause the stiffening of
the cell membrane and so the ghost morphology after exposure to the
oxidising agent is likely to be signiﬁcantly different to the case of the
whole RBC study as the membrane morphology can adapt to compen-
sate for any change in lipid packing.
The changes to the Raman spectra agree with previous studies
suggesting that hydrogen peroxide causes partial lipid peroxidation
[7] and alters, to some extent, the lipid lateral organisation [4]. A more
detailed analysis of the effect on themembrane lipids is not possible be-
cause 80% of the CH3 signal coming from proteins.
4.2.2. Cumene hydroperoxide
Incubation in 0.4 mM cumene hydroperoxide produces very dif-
ferent effects to hydrogen peroxide. Rapid and sustained shrinkage
of the erythrocyte is accompanied by a rapid rise in ψd for both the
central and edge regions of the cell. Over the course of 1 hour they
both increase by ~14 (±7)%.
These observations agree well with previous studies examining the
effect of cumene hydroperoxide on the membrane elastic properties
of erythrocytes [5] and are consistentwith the hypothesis that thismol-
ecule targets the lipid bilayer itself [7]. We propose that the saturation
of the fatty acid chains by cumene hydroperoxide allows an increase
in the lipid packing density which in contrast to the hydrogen peroxide
rigidiﬁed cell leads to a decrease in the membrane area. The magnitude
of increase inψd, togetherwith observations by Clarke that ψd is directly
proportional to the lipid packing density [16] are consistent with this
hypothesis. Due to the complex lipid composition of the red blood cell
membrane it is not possible to calculate the change in ψd arising from
the increase in lipid packing density with accuracy. However, our re-
sults show approximately 14% increase in ψd across the cell as a result
of cumene hydroperoxide action. A change of this magnitude is likely
to be physiologically signiﬁcant, because such a variation in ψd can in-
ﬂuence protein function within the membrane [37].
Tai et al. have shown that vesicles formed from unsaturated DOPC
lipids are oxidised in the presence of hydroxyl radicals through cleavage
at the double bond. The oxidation process creates two fragments, one
(formed from the aliphatic tail) forms an aldehyde that can dissolve in
the incubation medium and the other (containing the phospholipid
headgroup) remains in the membrane with a truncated aliphatic chain
[38]. The lipid remaining in the membrane after oxidation has been
shown to change the ﬂuidity of the membrane due to the decrease inarea per molecule and this can therefore also account for the decrease
in cell diameter observed in the ratiometric ﬂuorescence intensity
study of the membrane dipole potential. Other effects, such as
microvesiculation, cannot in principle be ruled out. However, the fact
that only the membrane-soluble oxidant (cumene peroxide) causes
such an effect points to the loss of membrane area rather than
oxidation-driven loss of lipid via microvesiculation which is caused by
spectrin oxidation [39], that would presumably occur in hydrogen per-
oxide treated RBCs as well.
It is also important to note that such a large change in the dipole
potential could not be accounted for by changes in membrane curva-
ture only. An estimate for such an effect, based on a shape transition
from dyscocyte to spherocyte, the value of the obtained ﬂexoelectric
constant (1.0×10−19 C), and assuming the cell conserved its volume,
would produce a change in the potential of only about 8 mV (with re-
spect to the zero-curvature state). This is about 4.5 times smaller than
the changes in potential we measure in the course of cumene perox-
ide treatment (cf Fig. 5 and Table 1), which leads us to conclude that
the main effect stems from the changed lipid packing due to lipid ox-
idation and the curvature effects are secondary.
The analysis of the amide I band in the Raman spectra shown in
Table 2 for ghosts indicate that its effect on the protein conformation
is small, suggesting that intramembrane domains are unaffected by
cumene hydroperoxide.
In contrast to hydrogen peroxide, the cumene peroxide caused an
increase in the I2930/I2850 ratio to 1.15, consistent with the result of
ratiometric imaging, and suggesting that the disparity noted above
in the hydrogen peroxide response was indeed due to its effects on
spectrin.
This study demonstrates oxidant-speciﬁc changes in the electrical
properties of the cell membrane, notably an increase of 8 (±4)
MVm−1 or decreases of 6 (±3) MVm−1 in transmembrane electric
ﬁelds. Those involving haemoglobin interaction with the cytoskeleton
will obviously be relevant only to the red cell, but others associated
with the membrane itself are likely to inﬂuence the function of a wide
range of cells. The approach presented here could provide a useful
means of assessing the antioxidant properties of therapeutic agents.
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